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ABSTRACT
Pinnipeds like seals and sea lions use their whiskers in hunting their prey in dark and turbid conditions. There is no theoretical
model or a hypothesis to explain the interaction of whiskers with hydrodynamic fish trails. The present work provides insight
into the mechanism behind the Strouhal frequency identification from a Von-Karman vortex street behind bluff bodies, similar to
the inverted hydrodynamic fish trail. Flow over 3D printed sea lion head with integrated whiskers of similar geometrical and
material properties was investigated when being exposed to vortex streets behind cylindrical bluff bodies. It is found that the
whiskers respond to the vortices by a jerky motion similar to the stick-slip response of rat whiskers on different surface textures.
The Strouhal frequency of the upstream wake is clearly decoded with the time-derivative of the whisker response rather than
the displacement response, which increases the sensing efficiency in noisy environments. It is hypothesized from the work that
the time derivative of the bending moment of the whiskers is the best physical variable, which can be used as the input to the
neural system of the pinnipeds.
Introduction
Nature has provided sensing capabilities for different living organisms based on their living environment and the struggles,
which they face in their habitats. For example, fish use their lateral line system to identify even the slightest movement in the
water1, crocodiles use miniature arrays of dome-shaped pressure sensors in order to identify the motion of its prey2. Bats,
whales, and dolphins use the bio-sonar system to locate and identify the objects3,4. Similarly, land mammals such as rats and
squirrels vibrate their whiskers, commonly known as ‘whisking’ to get information about their surroundings5. Pinnipeds like
Phocidae and Otariidae also possess highly sensitive whiskers which act as hydrodynamic receptors that can detect very small
velocity fluctuations in the water which are caused by fish.
Dehnhardt et al. demonstrated that Harbour seals respond to a dipole stimuli that ranged from 10 – 100 Hz, with a minimum
perceivable water velocity of 0.25 mm/sec at 50 Hz6. Later, Dehnhardt found that Harbour seals could track hydrodynamic
trails generated by a model submarine even after a period of 25 sec, which corresponds to a chase length of 40 m7. Gläser et al.
conducted the same experiment as Dehnhardt, however, with a California sea lion rather than the Harbour seal. They concluded
that the California sea lion can also follow the wake trail, however, it could only track the object if the delay time was 7 sec or
less8. California sea lions are even more sensitive than Harbour seals in dipole experiments. In the frequency range 20 to 30 Hz,
they already responded to sinusoidal water movements that had a velocity amplitude of only 0.35 mm/sec9. The differences in
tracking ability between these two species is attributed to the different topology of the whiskers. Harbour seal whiskers have
the shape of tapered beams with an undulating elliptic cross-section. This undulating geometry has been seen to reduce the
self-induced ‘Vortex Induced Vibrations’ (VIV)10. The VIV phenomena is caused by the alternating shedding of vortices from
either side of the whisker cross section. In contrast, the California sea lion whisker has an elliptical cross-section which tapers
toward the tip and has a constant perpendicular orientation over the length11. This geometry was found to not perform well
in reducing the VIV. Miersch et al. compared the hydrodynamics of the isolated whiskers of the two species in rotating flow
tank and quantified that the signal to noise ratio of Harbour seal whisker is ten times higher than that of the California sea lion
whisker. Miersch et al. then attributed this large difference, to the reduced accuracy in wake tracking ability of the species12
as previously seen by Glaser et al. They added that the self-induced oscillation of the sea lion whiskers, due to VIV, might
act like a carrier signal which can be used in determining the self-swimming velocity. Beem and Triantafyllou investigated
the flow over model whiskers, which were made out of plastic using stereolithography. When exposed to vortex streets
originating from an upstream cylinder, they described the whisker motion as ‘slaloming’ with the vortex street. The amplitude
of vibration was very large in the wake of the cylinder when compared with the clean flow conditions (named in the following as
Wake-Induced Vibrations (WIV) to distinguish from the self-induced VIV). This increased amplitude of the whisker vibration
is understood to be the reason for the increased sensitivity of Harbor seals13. Schulte-Pelkum demonstrated that Harbor seals
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can effectively follow biogenic trails of same species. This tracking ability could be used by the seal pups to follow lactating
mother seals during feeding time14. In this study, the path of the trail-following seal was congruent to the path of the pilot
seal for most trials. However, in some of the experiments the follower crossed the path in a zig-zag manner to redefine its
course. Additionally, it was inferred that the trail-following seal was able to resolve the inner structure of the wake while tracking.
Figure 1. a) Schematic diagram of the experimental set-up (side view) b) Schematic diagram of the experimental setup (top
view). Von-Karman vortex street is shown for representation c) Actual experimental set-up (Note that the tunnel is not filled
with water to get a clear view of the model)
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Wieskotten et al. found that by moving an artificial flexible fin, in order to produce a wake trail, the Harbour seal could
indicate and follow the direction of the moving fin up to a delay of 35 sec15.As such, it was concluded that the seal could have
used the information in the high velocity region between the two counter-rotating vortices and the structure of the vortex street
as a hydrodynamic cue to track the direction. In a successive experiment, Wieskotten et al. found that the Harbour seal could
discriminate the size and shape of the objects by tracking their corresponding wakes16. However, they also concluded that the
size and shape discrimination ability relies on more than one hydrodynamic parameter. Krüger et al. argued that Harbour seals
use vortex rings as the primary source of directional discrimination17. By simulating a variety of test cases with single vortex
rings, it was concluded that the minimum perceivable angle between the anteroposterior axis and the path of the vortex ring was
less than 5.7o, however, the minimum value was not found because of technical limitations. Niesterok et al. experimented on
harbour seals by imitating artificial flatfish breathing currents. This was done by producing intermittent jets from an underwater
surface and found that the seals could identify velocities in the range of 2-2.5 cm/sec18. This value is significantly higher than
that of the value (0.25 mm/sec), attained from dipole experiments6. The self-induced velocity variations because of the animal’s
own movement could be the reason behind this reduced sensitivity. Murphy et al. tagged an accelerometer on a supraorbital
whisker of a real Harbour seal and concluded that the seal whiskers vibrate over a broad range of frequencies in an upstream
hydrodynamic disturbance condition19.
In biomimetic applications, sensors based on mammalian whiskers were developed and successfully tested. Subramaniam
et al. tested a 3D printed individual Harbour seal whisker in a towing tank and quoted that the VIV of Harbour seal whisker is
lesser when compared with cylindrical whisker20. Solomon and Hartmann used conical beam whiskers to trace the complex
surface shapes and reconstructed it using bending beam theory21. They used multiple tandem whiskers to get the velocity profile
shape in a free jet flow. Wake tracking ability of multiple whiskers was demonstrated by Eberhardt et al which was inspired
from the seal’s whisker array22. They used eight cylindrical whiskers on a torpedo like body to detect the wake interference
from an upstream model submarine. They concluded that multi-point measurements using whiskers like sensor will result in
accurate tracking of wake flows and can be used in flow sensing.
Even after all of the previous work, in studying pinniped species and their hydrodynamic trail tracking abilities, there
are still some fundamental questions which remains unanswered. For example, what effect does the animal’s head have in
altering the strength of the signal, how does the arrangement of whiskers with respect to the vortex direction play an effect,
do they make use of multiple whiskers and how do they interact with the alternating type of oncoming vortices similar to
wakes produced by fish. Fish swim within a very narrow Strouhal number band, St ' 0.2 and the swimming speed of the fish
is directly proportional with its tail beating frequency and its length23,24. Hence, the frequency is the single most important
feature to identify the swimming speed of the fish. The wake behind a swimming goldfish, where the length of the fish was
10 cm, produced a wake trail of measurable velocities until a time of 30 sec passed25 and this time lapse should theoretically
scale with the length-scale of the fish. Since Harbour seals feed on fish with an average length of 30 cm26 the information left
behind the wake of the fish is certainly a strong hydrodynamic indicator for the predators. The important question here is, how
this information is best decoded in an otherwise noisy environment by the seal’s neural system . From a fluid dynamics point
of view, when the seal swims with its whiskers protracted forward, the fluid-induced drag forces cause the whiskers to bend
in the direction of the mean flow and the swimming speed is directly proportional with the deflection of the whisker. Since
whiskers do not have nerves27, it is thus the nerve endings in the whisker pads that read the information about the bending
moment at the base of the whiskers. These nerves are connected with the somatosensory system in the brain of sea lions28.
Hence, a wake trail of a fish that swims upstream should change the bending moment of the whisker depending on the velocity
distribution in the wake and this could be encoded in the neural system. In literature, a satisfactory answer for this question
could not be found because of the following reasons: first, it is very hard to carry out an experiment with living seals or sea lion
with a controlled environment such as constant swimming speed without any lateral head movements, which is likely to cause
a change in whisker motion; second, it is very hard to track the whiskers movement and the vortex convection in the same
experiment simultaneously when a wake generator is moved upstream to the animal. This is the primary objective of this work
and it is the first kind of experiment on pinniped whisker-like structures, which is almost similar to the realistic situation.
The experiments were conducted in return type open surface water tunnel with a velocity range of 0.1 to 2 m/sec. Flow
straighteners were installed before the convergent section in the settling chamber to get uniform flow in the test section. The
test section is 40 cm wide x 50 cm depth x 120 cm in length and transparent in all the sides to provide an optical access for flow
studies. All the experiments were conducted at a flow velocity of 30 cm/sec based on previous studies12. The model was placed
at 70 cm from the inlet at the centre of the test section as shown in Fig. 1. The experiments were split into two stages. The first
stage was to track the motion of the whiskers, by focusing the ‘Eye Motion’ camera to just one side of the sea lion model, as
shown in Fig. 1b. And then a subsequent motion tracking experiment was carried out with the ‘Eye Motion’ camera underneath
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the tunnel (Fig. 1a) in order to observe all of the whiskers concurrently. The final experiment was a particle image velocimetry
(PIV) study, in order to see how the vortical structures shed from a flow disturbance (Fig. 1b) interact with the whiskers. It
should be noted here that for the motion tracking measurements, the LED light sheet source used for the PIV is removed and
the ‘Eye Motion’ camera is installed at the same location.
Results
Figure 2. a) Normal mode photograph of the model from the camera (Scale in mm) b) Image from the camera with reduced
light and fibre optics on (the tips of fibres are visible as light spot) Note that the whisker numbering is used in the discussion of
results c) Binarized image in which the fibre tip light is converted into white spots greater than certain threshold d) Coordinates
from the light spots in x-y plane. e and f) Displacement of whisker tip in streamwise (anteroposterior) and crosswise
(dorsoventral) direction with and without vortex street.
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The results of six whiskers were used in this study and they are shown in Fig. 2b. The whiskers could be identified as w1,
w2, w3, w4, w5 and w6 in which the whisker w2 is about 50 mm length. All other whiskers were about 100 mm in length. The
tip motion of the whiskers were tracked in a plane which is parallel to the X-Y plane as shown in Fig. 1a. The time history
of each whisker can be extracted from the ’Eye motion’ camera as a coordinate file and the data for whisker w3 is shown in
Fig. 2e and f. The x-direction of the whisker bending is along the anteroposterior body axis aligned with the flow direction
in the tunnel while the y-direction is along the dorsoventral axis. It should be noted here that when the whisker experiences
an upstream wake the displacement in the streamwise direction (anteroposterior direction) is changed significantly due to
WIV when compared with the crosswise displacement (dorsoventral direction) which occurs because of the VIV. As explained
before, the deflection of the tip is a function of the bending moment caused by the corresponding fluid forces in that respective
direction. Hence the spectrum from the whisker tip data along the x axis corresponds to the bending spectra and the movements
along y axis corresponds to the VIV spectra.
Figure 3. Spectrum of whisker tip fluctuations (whisker3 w3) in undisturbed water flow (a,b) and when exposed to a vortex
street (c,d). The VIV spectrum is highlighted in the motion along the dorsoventral axis (distinct peak at 75 Hz) while the WIV
(Streamwise bending spectrum) show up in those along the anteroposterior axis corresponding to the swimming direction
(distinct peak at 2.4 Hz)
Figure. 3a shows the spectrum of the movement of whisker w3, which is almost aligned with the lateral axis perpendicular
to the sea lion head. The spectrum shows frequencies below 2 Hz for the whisker movements in flow direction (vibrations along
the anteroposterior axis) (Fig. 3a) and a strong peak at 75 Hz in Fig. 3b (vibrations along the dorsoventral axis). The peak at
75 Hz reflects the VIV caused by the alternating shedding of shear layers from the whisker29. The Strouhal number based on the
flow speed of 30 cm/s, diameter of the whisker (0.75 mm) and the spectral peak at 75 Hz is 0.19. The corresponding Reynolds
number, where the whisker diameter is the length scalar, is 225. The observed Strouhal frequency is in good agreement with
previous literature at the given Reynolds number30. It is important to note that the 75 Hz component of the spectrum is the
dominating mode of the whisker vibration in undisturbed flow (swimming in quiescent water). When the same whisker is
facing a vortex street, which is generated by placing a 25 mm diameter cylinder upstream of the model, there are considerable
changes to its response. Figure. 3c demonstrates the WIV response in the flow direction with a distinct local peak at 2.4 Hz.
The Strouhal number based on the spectral peak of 2.4 Hz and an upstream cylinder with a diameter of 25 mm is 0.2. This
corresponds exactly to the value cited in the literature for a cylinder Reynolds number of 750031. At the same time, we observe
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energy at lower frequencies < 2 Hz. The first subharmonic of the WIV is seen as a peak at 1.2 Hz. Furthermore, some energy is
contained in a wavy motion lower than 1 Hz which is thought to be resulting from a low-frequency sloshing motion in the
open-surface water tunnel. The VIV frequency of the whisker is still present in Fig. 3d as a distinct peak at 75 Hz. However,
the magnitude of this peak is now at least twice less than the WIV frequency. It should be emphasized here that sea lion
whiskers with smooth elliptical cross-sections have shown to reduce VIV magnitudes when compared to artificial whiskers with
a cylindrical body. The presented results, with cylindrical fibres, suggest that even when such simplified whiskers experience a
wake flow, the WIV response is still of greater importance than the VIV response. Therefore it can be concluded that the WIV
response in the natural situation is even more significant.
Note, that similar observations of the relative importance of WIV against VIV were made for the other whiskers as well.
However, their individual WIV response depends largely on the location, orientation, and length of the whisker along the
head, as seen in Fig. 4a, c and e show the previously described distinct WIV peak at 2.4 Hz. However, this peak is not always
dominant when compared with the range of frequencies <1 Hz. Furthermore, there is no indication of a strong peak at all in Fig.
4d and f. Finally, the medium length whisker exhibits this peak only when magnifying the displayed axis in Fig. 4b about a
factor of 100 against the other plots. This illustrates that, by purely using the bending moment as the signal for further neural
processing might not be sufficient enough to distinguish between noise and vortex streets. It could result in an unsuccessful
attempt to track the vortex source. It should be noted here that by comparing the left and right whisker pair the signal strength
of Strouhal frequency can be amplified32. This result is similar to the adaptive filter which cancels the self-induced noise in the
lateral line of fish33.
Figure 4. Spectrum of tip fluctuations of different whiskers along the anteroposterior axis when exposed to a vortex street of a
25mm cylinder in front (a: w1, b: w2, c: w3, d: w4, e: w5, f: w6). All whiskers are of length l~100mm, except whisker w2 is
only of medium length with l~54mm, therefore note the different axis scale in plot b.
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Figure 5. Jerk spectrum of different whiskers along the anteroposterior axis when exposed to a vortex street of a 25mm
cylinder in front (a: w1, b: w2, c: w3, d: w4, e: w5, f: w6). Note the peak at 2.4Hz in all plots
In Fig. 5, the spectrum of the time-derivative of the tip-displacement signal is plotted for all six of the tracked whiskers.
It can be seen that for all whiskers a dominant peak is highlighted at 2.4 Hz, which is the Strouhal frequency of the cylinder.
Earlier it was argued that the whisker’s tip movement over time reflects the temporal change in the bending moment acting at
the whisker base. Hence, following the same argument, the time-derivative of the motion signal is the function of the ‘jerk’
at the whisker base. The jerk spectrum can then be seen to clearly increase the visibility of the dominant frequency, when
compared to that of the bending moment spectrum. As such, this is clearly a very good method to identify the frequency of the
shed vortices. If the neural cells respond to the jerk signals then they trigger pulses from all whiskers at the same rate and for
brain cells, it is one common frequency which needs to be selected out.
Discussion
To better understand the coupling between local flow dynamics and the induced whisker motion, the experiments were repeated
with simultaneous PIV flow field measurements and whisker tip recordings. In these experiments, the 25mm cylinder located
upstream of the body was placed at a lateral offset from the body axis (4 Diameters, i.e. 100 mm offset in ‘z’ direction) such
that the vortex street faces the whiskers only on one side of the model. The same side as the LED light-sheet illuminated the
flow. PIV was used to study the vortex interaction on the local whisker elements. The vortex rollers shedding from the upstream
cylinder are identified as regions of concentrated Q-values34, which are sometimes difficult to be seen as the presence of short
whiskers and the light reflections from the model head affect the image quality. In the following experiments, images were
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Figure 6. a,c,e represents the Vortex core motion on three time instants. Mean flow direction is indicated in the (t=0.25 sec of
a) Vortex cores are marked with filled white circles. b,d,f represents the Motion of whisker w3 on time scales corresponding to
the vortex core motion in a,c and e. Note: The blue and red arrows in b,d and f indicates the motion of the whisker in flow
direction and against flow direction respectively.
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Figure 7. a and c bending moment spectrum of 25mm and 19mm cylinder wake. b and d are jerk spectrum of 25mm and
19mm cylinder wake. Note that all plots are for tip fluctuations of Whisker w1 in anteroposterior axis
selected where the location of the shed vortices could clearly be followed over time while passing whisker w3. In Fig. 6a, from
time 0 to 0.12 sec a shed vortex from upstream approaches the whisker w3 at a whisker length of about 75% and initially, no
considerable movement of the whisker except minor scale oscillations are seen (see Fig. 6b). However, when the vortex gets
close to the whisker, the whisker tip starts to move towards the vortex (direction anterior). It means that the whisker bending
due to the mean flow drag is relaxing a bit due to the presence of the vortex next to the whisker tip. As the vortex passes over
the whisker (as shown in time t=0.25 sec of Fig. 6a), the whisker tip reverses its motion direction and finally trails the vortex
downstream (direction posterior) until it reaches its initial equilibrium position. In Fig. 6c at time t=0.25sec a successive shed
vortex from the cylinder has approached the same whisker. When getting closer, the whisker tip again moves first towards the
vortex against the incoming flow (direction anterior) and then reverses the direction when the vortex passes over the whisker.
In Fig. 6d at time t=3.4sec the path of another shed vortex is crossing the whisker tip directly. A similar forward-backwards
motion pattern as described above is seen again. The observed motion pattern can only be explained by the presence of pressure
gradients in the vortex cores, as the sense of rotation of the vortices does not make a difference in the observed whisker behavior.
If the sense of rotation played a role, the velocity variation along the whisker would cause the whisker tip to move always with
the highest streamwise velocity inducing the largest drag along the whisker, which is sometimes on the left and sometimes on
the right of the position where the vortex is passing the whisker. In addition, it would not explain the relaxing behaviour once a
vortex core is getting close to the front of a whisker. Instead, it is the pressure-gradient which is responsible for this motion.
A vortex core in water flows is a region of low pressure when compared to the ambient flow because of the conservation of
angular momentum35. When a vortex, being shed from the cylinder and embedded in the mean flow is approaching the whisker,
the low-pressure region in the vortex core causes the whiskers to move first towards the vortex center, by reducing the bending
moment on the whisker which is induced by the drag force of the mean flow. On the other hand, when the vortex passes the
whisker, the whisker bending is increased again as the low-pressure core is dragging the whisker in addition to the mean flow
drag. These small-scale movements associated with the time are repeated each time when a vortex core is moving across the
whisker, and these events are representative for a measure of the frequency of a vortex street in a flow. In the displacement
domain, these events are small and periodic but not sufficiently strong to be detected against the noise floor or other events in
the flow. Nevertheless, when we differentiate the signal in time, these small-scale associated repeated phenomena are amplified
in time. In order to study the power of this signal processing strategy, another experiment was carried out to investigate the
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response of whisker w1 where the diameter of the upstream cylinder was chosen smaller with only 19mm. This reduced
cylinder size provides a considerably smaller signal strength of the vortex street, as the size and the vorticity in the vortex
cores scales with the diameter of the bluff body. A minor local peak is observed in Fig. 7c at 3.1 Hz for the 16mm cylinder
which corresponds to a Strouhal number of 0.2. This peak is dominant in the jerk spectrum as shown in Fig. 7d, similar to
the Strouhal peak for the 25mm cylinder shown in Fig. 7b. In conclusion, even the vortex street at low signal-to-noise-ratio
(SNR) leaves a very distinct peak in the jerk spectrum. The SNR for the 19mm cylinder calculated in the range between
1 to 5 Hz by using the bending moment spectrum is 1.4, and the SNR by jerk spectrum is 3.9. It means there is a signal
amplification by a factor of 3 by using jerk spectrum. It bolsters the hypothesis that the jerk is the better indicator of vortex streets.
A recent study on rat whiskers revealed that the best way for texture coding in rats is through the stick-slip movements
which are discrete short lasting kinematic events36. These events are visible when the signal is differentiated in time. Similarly,
for sea lion whiskers, the Strouhal peak gets more evident when we use the ‘jerk’ spectrum which resulted in hypothesizing that
there could be an analogy in the neural signal processing strategy of the whisker sensing in the different species. Coming back
to the whisker mechanics, we will redefine the way of interpreting the interaction of vortices on whiskers. First, when the seal or
sea lion swims, because of the fluid forces the whisker bends with the flow, this is comparable to the stick phase in rat whisker,
because of the friction between the whisker and the surface it sticks on the surface. Secondly, in rats, the slip like events are
when the whisker moves towards the whisking direction more than the amount of when whisking in the air. Accordingly, when
a seal swims through a vortex core and feels them on their whiskers, they move forward against the swimming direction or
‘slips’ from the bending direction. However, here comes a slight difference in whisking mechanisms, once a rat whisker moves
beyond an area of a surface there is no communication on the whisker motion from the trailing surface. On the other hand,
when a seal whisker moves through the vortex core its effect is felt even on the downstream as the additional force effect which
causes the whisker to respond fast in the stick phase. It is crucial to add the fact that whiskers are tactile sensors, rats and
pinnipeds use them for identifying the surroundings. For a rat, the primary information is about the surface texture which
provides them accurate representation and topology of the surrounding. For pinnipeds like seals or sea lions, the vortices are
the primary source of hydrodynamic signatures of preys, which is similar to the textures. Hence, the short kinematic events
like stick-slip mechanisms are common for both the species even though the behavioural and the evolutionary processes are
different.
To summarize, this is the first work to study the whisker mechanics mounted on a sea lion head similar to realistic situations.
The method of using multiple fibre optic cables of similar mechanical properties as whiskers was used to track the whisker
motion for different cases. It was done without interfering the flow or without using force transducers that increases the
complexity. Furthermore, with the use of the eye motion camera, the collective response of all whiskers in the field of view
can be tracked successfully. We have identified that the WIV response in the lower frequency range is at least one order more
intense than the VIV response of the whiskers. It is claimed here that the usage of elliptical cross-section whiskers reduces the
VIV response and amplifies the SNR. For smaller wakes (less intense vortices) the time derivative of the whiskers response
provides a clear indication of vortex frequency. From PIV results, it is shown that the whiskers slip from the bending direction
when it encounters a vortex, and when it passes over the whiskers it sticks with a higher rate than the slip phase. This small
jerky movement, which occurs in a shorter time scale, enlarges in the derivative domain, which amplifies the Strouhal frequency.
From the results, it is concluded that the stick-slip events are common for the whisker sensing and it is the informative part
from the whiskers which neural cells can encode and discriminate between different vortex frequencies.
Methods
Model and Whisker setup
Scanned data of sea lion body was acquired from Museo delle Scienze, Italy. The digitized data was cleaned and converted
into a 3D model using CATIA. On the head of the sea lion, 38 holes of 0.8mm diameter were modelled on either side of the
head on six rows as mentioned in Sawyer et al28. The model was 3d printed at the City University of London. Fiber optic
cables of 0.75mm diameter (based on Summarell et al)37 was inserted through the holes from the back end and was cut into
the required length of the whiskers which ranges from 5 mm to 115mm as mentioned by Sawyer et al28. All the fibers were
glued at its surface to provide a fixed cantilever condition, and the open ends of the fibres were bunched and cut to form a
flat surface to illuminate with a light source outside the water tunnel. Hence, the fiber optic cable acts as a whisker and the
movement of whisker can be tracked with its light at the tip of the fiber. The optical fibres were made of polymethylmethacrylate
(PMMA) plastic material which has an elastic modulus value of around 3.5 GPa (from Leal-Junior et al38), and the value of the
seal whisker is in the order of 4 GPa as mentioned by Subramaniam et al20. Since both the geometrical and the mechanical
properties of the whiskers are comparable, we expect this model to act as a passive whisker successfully. However, there are
some limitations in this study, the fiber is circular in shape when compared to an elliptical section of the sea lion whisker.
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The diameter is constant for all fibers, and it is constant along the length, however for sea lions the whisker diameter changes
throughout the length and the diameter changes for different whiskers.
Camera Setup and data processing
A high-speed camera (ProcImage 500-Eagle high-speed camera) at a sampling rate of 250 Hz was used to track the motion of
the whiskers. It had a pixel size of 1280 x 1024 which relates to a physical dimension of 238 x 190 mm. The built-in function
in the camera calculates the centroid of a light spot automatically using the barycentre mode. The camera function is explained
in Fig. 2a-d. When the surrounding lights are off, and the fibre optic lights are switched on, the camera records the images
and automatically does the image binarization to discriminate between the light tips and the surrounding. Then it calculates in
real-time the centroid of the light spots in pixels for all the visible fibre tips and saves those as an array of the X-Y coordinate
data file. The advantage of this method is the recording can last more than 30 minutes in which we only get the whisker motion
data and other methods like standard image capturing would exhaust the memory usage of the computer. The extracted data
was smoothed in MATLAB and the power spectrum was calculated with a frequency resolution of 0.1 Hz.
PIV Set-up
A 3 mm thick LED light sheet was focused on the region near the long whisker (Whisker 3) portion of the model. Neutrally
buoyant particles of 50 microns were seeded in the water tunnel, and it is recirculated within the tunnel until we observe the
right amount of particles required for the PIV. The images were captured with Phantom Miro M310 camera at a frame rate of
700 Hz and for a flow time of 4 seconds. Due to curvature and the orientation of the whiskers, the PIV was done in a plane so
that two whiskers were on the PIV plane. The post-processing of PIV images was done inside Dantec Dynamic Studio software
with adaptive PIV algorithm to calculate the velocity with a pair of two successive images and the velocity was averaged with
the 3x3 filter. The Strouhal frequency of the upstream disturbance is calculated from the cross velocity spectrum of the wake,
and the vortex core was visualised with an absolute ’Q’ criterion method.
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